Liu Z, Ciarleglio CM, Hamodi AS, Aizenman CD, Pratt KG. A population of gap junction-coupled neurons drives recurrent network activity in a developing visual circuit.
LOCAL NEURAL CIRCUITS formed by recurrent synaptic connections between neurons of a given brain region are an evolutionarily conserved motif found throughout the vertebrate nervous system (Bosman and Aboitiz 2015; Douglas and Martin 2004) . Recurrent neural activity generated by different microcircuits has been associated with a range of functions depending on the brain region in which they reside. For example, in the mammalian visual system, the local recurrent activity in the visual cortex encodes features of visual stimuli (Carrillo-Reid et al. 2015) and can mediate generation of so-called "UP states" (Sanchez-Vives and McCormick 2000) , local recurrent activity within the superior colliculus (SC) codes for the direction and size of saccades (Moschovakis et al. 2001; Munoz and Wurtz 1995) , and local recurrent activity in the prefrontal cortex is associated with the consolidation of visual memories (Funahashi et al. 1993) . Fully understanding the diversity of connectivity patterns of microcircuits that generate local recurrent activity across different brain regions and in different species is critical for determining fundamental organizational principles underlying their function, and for understanding how these microcircuits drive a variety of dynamic brain states.
In the Xenopus tadpole visual system, local connections within the optic tectum, the primary visual area in the amphibian brain, generate large amounts of recurrent network activity in response to incoming sensory stimuli. Here, the output of local tectal circuits changes over development and displays activity-dependent plasticity that is thought to help the network optimize its response to the changing temporal dynamics of its sensory inputs (Pratt et al. 2008) . Furthermore, this recurrent activity drives the majority of spike output within the tectum and is thought to directly drive visually mediated behavior (Khakhalin et al. 2014) . However, the actual microcircuitry giving rise to this recurrent activity remains unknown. Although this relatively complex structure is composed of approximately six cell body layers (Muldal et al. 2014) , most electrophysiological studies have been restricted to the readily accessible neurons residing in the deepest retinorecipient layer. Thus, although a great deal is understood about the functional development of tectal neurons of the deep layer, there are no reports about the physiology or connectivity of neurons residing in the more superficial layers, nor of the functional role they may play in the tectal microcircuitry.
In this study, we use a recently developed horizontal brain slice preparation that allows visualization and whole cell recording from all layers of the tectum (Hamodi and Pratt 2015) . Taking this approach, we identified a distinct population of excitatory and gap junctionally coupled neurons residing within the superficial cell body layers of the tectum. Based on their electrophysiology, morphology, and connectivity within the tectum, we find that these neurons form a subnetwork responsible for gating the robust recurrent neural activity evoked by incoming visual input. Our findings suggest a novel role for neuronal coupling among excitatory interneurons in the temporal processing of visual stimuli.
METHODS
Animal and brain preparations. Experimental protocols with animals have been approved by the University of Wyoming's Institutional Animal Care and Use Committee. Xenopus laevis tadpoles were reared in 10% Steinberg's solution at 23°C on a 12:12-h light-dark cycle. Tadpoles were staged according to Nieuwkoop and Faber (1956) . Developmental stage 47-48 tadpoles (ϳ8 -12 days postfertilization) were used for all experiments. For experiments that involve recording from both superficial-layer and deep layer neurons, the horizontal brain slice preparation was performed as described by Hamodi and Pratt (2015) . Briefly, tadpoles were anesthetized with 0.01% MS-222 Steinberg's solution and pinned to a block of Sylgard silicone elastomer submerged with external recording solution (in mM: 115 NaCl, 2 KCl, 3 CaCl 2 , 3 MgCl 2 , 5 HEPES, and 10 glucose, pH 7.25, osmolarity 255 mosmol/kgH 2 O) in the recording dish. The skin overlying the brain was peeled away, the brain was filleted along the midline (dorsal postoptic commissure), and the most lateral fourth of the optic tectum (corresponding to the dorsalmost in vivo) was excised. The brain was then pinned to a piece of submerged Sylgard, sliced side facing up. This horizontal brain slice preparation was previously developed specifically for accessing and recording from neurons in the outer somatic layers of the tectum, and its applications in this context have been characterized in detail (Hamodi and Pratt 2015) . For experiments in which only deep layer neurons were recorded, a whole brain preparation was used as described by Pratt and Aizenman (2007) and Wu et al. (1996) .
Whole cell electrophysiology. Tectal neurons were visualized using a Zeiss light microscope with a ϫ60 water-immersion objective that is connected to a Hamamatsu charge-coupled device camera. Brightfield images were obtained using a Zeiss AxioCam camera, using conventional optics. Whole cell recordings were carried out using borosilicate glass micropipettes containing potassium gluconate internal recording saline (in mM: 100 potassium gluconate, 8 KCl, 5 NaCl, 1.5 MgCl 2 , 20 HEPES, 10 EGTA, 2 ATP, and 0.3 GTP, pH 7.2, osmolarity 255 mosmol/kgH 2 O). To study spiking, neurons were recorded in current-clamp mode and, from a baseline of Ϫ60 mV, were injected with a 250-ms square pulse of current of varying magnitudes, and the resulting action potentials were counted. To be counted as an action potential, the height of a given action potential spike had to be at least one-half the height of the preceding spike and the width at one-half its maximal height no more than three times the width of the first action potential spike in the train (Hamodi and Pratt 2015) .
To stimulate retinal ganglion cell (RGC) axons, a bipolar stimulating electrode was placed on the optic chiasm connected to an ISO-Flex stimulator (A.M.P.I.). To isolate excitatory synaptic events, inhibitory (GABAergic) transmission was blocked by adding picrotoxin (100 M) to the external solution. Glass pipette resistances ranged from 9 to 14 M⍀. An Axon instruments MultiClamp 700B microelectrode Amplifier (Molecular Devices, Sunnyvale, CA), Digidata 1322A digitizer, and pCLAMP software were used for the whole cell electrophysiological recordings. Leak current was subtracted in real time using the pCLAMP software. Neurons with access (series) resistances Ͼ50 M⍀ were not included in the dataset. Recording data were analyzed using AxoGraph and IGOR software. Statistical significance was calculated using unpaired two-tailed t-test for datasets in which data points fit a Gaussian distribution and had equal variance between groups. For datasets that did not meet these criteria, a nonparametric Mann-Whitney test was performed. Throughout the text, unpaired t-tests were used, unless indicated as nonparametric Mann-Whitney test. Error bars represent SE.
Biocytin/neurobiotin fills. For biocytin or neurobiotin fills, 0.2% biocytin or 2% neurobiotin was added to the potassium gluconatebased internal saline described above. After the electrophysiology of the neuron was characterized, the pipette was pulled off the cell. Each brain with only one cell filled was fixed with 4% paraformaldehyde in phosphate buffer (PB) overnight at 4°C. After being fixed, the brains were rinsed in PB two times, each lasting for 1 day at 4°C to remove residual paraformaldehyde. To fluorescently label biocytin or neurobiotin, we incubated filled brains in PB with Texas Red-conjugated avidin (2.6 l/ml; Vector Laboratories, Peterborough, UK), 0.3% Triton X-100, and 0.3% bovine serum albumin for ϳ5-6 h at room temperature and kept in the dark. Brains were then rinsed in PB three times, with each rinse lasting 1 day at 4°C. The brain was mounted in Vectashield aqueous mounting media (Vector Laboratories) on a customized Sylgard brain holder. Biocytin-or neurobiotin-filled neurons were visualized using a Laser Scanning Confocal Microscope (Zeiss 710) with a Texas Red filter overlayed with a brightfield transmission image to show the tectum. Images were acquired using a ϫ20 or ϫ10 objective. Images were captured with ZEN imaging software.
␥-Aminobutyric acid immunocytochemistry. The brains were thoroughly rinsed 6 ϫ 15 min in 1ϫ PBS. They were then incubated in blocking antibody buffer (0.3% Triton X-100, 0.1% Tween 20, and 0.05% sodium azide in SuperBlock solution; Thermo) overnight and then incubated in 1°antibody solution containing 1:250 mouse anti-␥-aminobutyric acid (GABA, A0310; Sigma) and 1:250 rabbit antiglutamate (AB133; Millipore) in antibody buffer at 4°C for a period of 3 days, after which they were rinsed 5 ϫ 5 min, then again for 5 ϫ 10 min in 1ϫ PBS. They were incubated in 2°antibody solution (Alexa Fluor Goat anti-Mouse 488, Goat anti-Rabbit 555, at 1:200 and Alexa Fluor 633 Streptavidin at 4 l/ml in PBS; Life Technologies) for 3 h and then rinsed again for 5 ϫ 5 min and 5 ϫ 10 min in 1ϫ PBS. Finally, brains were flat mounted on Superfrost slides (Fisher) or pinned to Sylgard (Dow), mounted using a few drops of VectaShield Hardset Medium (H-1400; Vector), cover slipped, and allowed to solidify for 1-2 days at 4°C.
Gap junction block. To block gap junctions, we applied 18␤-glycyrrhetinic acid (18␤-GA), which had already been used to block electrical coupling neurons in the spinal cord or hindbrain of Xenopus laevis tadpoles Zhang et al. 2009 ). 18␤-GA also was identified to have the fewest side effects compared with some other effective electrical coupling blockers ). 18␤-GA was dissolved in ethanol and added to external solution with the final concentration of 20, 30, or 40 m. Whole cell recording was carried on after 30 min of exposing the brain to the external solution with 18␤-GA.
Inhibiting output of gap junction-coupled neurons. For this experiment, between three and five neurons residing in the superficial layer were recorded (to characterize electrophysiology) and filled with 10 mM BAPTA, a strong calcium chelator that is commonly used to dampen action potential-dependent transmitter release (Rosenmund and Stevens 1996) . If one or more filled neurons of the superficial layer belonged to the population of neurons described here (referred to as "SL1" neurons), then the preparation was designated as "BAPTAfilled SL1." If none of the neurons filled with BAPTA was determined to be SL1 neurons, than the preparation was designated as a BAPTAfilled control preparation. Next, RGC-evoked responses of deep layer neurons were then recorded from these BAPTA-filled preparations with regular potassium gluconate-based internal saline.
RESULTS
Using the horizontal brain slice preparation (Hamodi and Pratt 2015) , we identified an electrophysiologically distinct subpopulation of neurons located in the outermost superficial layer, along the edge of the neuropil (Fig. 1A) . We characterized the function of this subpopulation, henceforth referred to as "superficial layer type 1" (SL1) neurons, by carrying out a set of whole cell electrophysiological recordings designed to quantify the pattern and strength of afferent inputs received, and their synaptic, intrinsic, and passive properties. To provide a point of reference, these newly identified neurons were compared side-by-side with the commonly studied and wellcharacterized deep layer (DL) neurons.
SL1 neurons display a large monosynaptic retinal ganglion cell-evoked response but no recurrent inputs. With the use of the horizontal brain slice preparation, the RGC inputs can be activated in a controlled manner by placing a bipolar stimulating electrode on the optic chiasm where the RGC axons from the left and right eyes cross the midline before terminating at their respective contralateral tectum. In DL neurons, activation of RGC input evokes a well-characterized compound response consisting of a fast monosynaptic component followed by robust polysynaptic activity (Fig. 1B) . The monosynaptic portion of the response is due to direct RGC inputs, whereas the polysynaptic or recurrent portion of the response is due to RGC-evoked local tectal-tectal network activity feeding back onto the recorded neuron. Similar to DL neurons, SL1 neurons displayed a fast and reliable monosynaptic RGC-evoked response. The maximum monosynaptic responses of the two populations of neurons were similar and not significantly different from one another ( Fig. 1B ; DL average maximum RGC-evoked monosynaptic response: Ϫ78.77 Ϯ 9.17 pA, n ϭ 20; SL1: Ϫ92.97 Ϯ 16.64 pA, n ϭ 24; P ϭ 0.7864, MannWhitney test. Note: Throughout this report, "n" refers to the number of neurons in the dataset). Unlike the deep layer neurons, however, SL1 neurons completely lacked the polysynaptic portion of the RGC-evoked response ( Fig. 1B ; DL average maximum RGC-evoked polysynaptic response, quantified as the amount of charge transferred between 30 and 400 ms poststimulation: 15.95 Ϯ 2.35 pA·S, n ϭ 20; SL1: 1.22 Ϯ 0.18 pA·S, n ϭ 24; P Ͻ Ͻ 0.001, Mann-Whitney test). This result indicates that, while SL1 neurons appear to receive monosynaptic input directly from the RGCs, they are devoid of input from other neurons of the tectum, at least in response to RGC activation. We use this distinct response to RGC stimulation, a monosynaptic response not coupled with polysynaptic activity, as the criterion to identify this subpopulation of outer-layer neurons. Out of 113 neurons in the superficial layer, 33 were determined to be SL1 neurons.
SL1 neurons display significantly lower frequency of excitatory spontaneous events compared with DL neurons. If SL1 neurons only receive monosynaptic connections from the RGC axons as the evoked studies suggest, it would be expected that the frequency of the spontaneous excitatory synaptic events received by these neurons would be lower than that displayed by the DL neurons, which, based on the robustness of their RGC-evoked polysynaptic responses, probably receive a large number of synaptic contacts from many other tectal neurons. To test this and to characterize other synaptic properties, spontaneous excitatory postsynaptic currents (sEPSCs) were recorded with the membrane voltage clamped at Ϫ60 mV and in the presence of 100 M picrotoxin to inhibit GABA- mediated events. Figure 1C shows examples of sEPSCs recorded from a DL and an SL1 neuron. We observed that SL1 neurons, on average, exhibited significantly fewer sEPSCs compared with DL neurons (Fig. 1D , left; average sEPSC frequency observed for DL neurons: 5.67 Ϯ 1.05, n ϭ 20; for SL1: 1.69 Ϯ 0.45, n ϭ 17; P ϭ 0.002, Mann-Whitney test). In addition, the average amplitude of the SL1 synaptic events was significantly greater than that of the DL neurons ( Fig.  1D , right; average sEPSC amplitude of DL neurons: 5.61 Ϯ 0.31 pA, n ϭ 20; for SL1 neurons: 9.35 Ϯ 0.91 pA, n ϭ 17; P ϭ 0.00021). SL1 sEPSCs also displayed significantly faster rise times and rate of decay (Fig. 1C, right) , suggesting that, compared with the sEPSCs recorded from DL neurons, synapses onto dendrites of SL1 neurons are either localized closer to the recording pipette (the soma) or are composed of a different compliment of postsynaptic ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor subunits. SL1 neurons exhibit dye coupling and are excitatory. To visualize SL1 neurons, a single SL1 neuron per tectum was filled with biocytin during recording. Several key observations resulted from this approach: we observed several neurons brightly stained with either biocytin or neurobiotin as a result of filling a single SL1 neuron per preparation, indicating dye coupling between the filled neuron and other local neurons (Fig. 2, A and B) , and suggesting the presence of gap junctions. Out of nine successful SL1 neuron fills, eight showed dye coupling. The number of neurons dye coupled to a given single filled neuron ranged from as few as two to a maximum of six, with an average of four cells stained per experiment. This is probably an underestimation, since only the most strongly stained neurons were counted, and likely a fraction of them were cut away by slicing. There appeared to be no obvious spatial pattern formed by a given group of dye-coupled neurons, except they tended to reside mainly in the outer layers. In some cases, somata appeared to be adjacent to one another like the example shown in Fig. 2A , and in other cases somata were several somata apart, like the example shown in Fig. 2B . The average spatial extent covered by a given population of dyecoupled neurons was estimated to be 43.8 Ϯ 7.8 m. To test if the observed dye coupling of SL1 neurons is due to the existence of gap junctions, we filled several SL1 neurons in the presence 20 M 18␤-GA, an established gap junction blocker that has been previously shown to block gap junctions between tadpole spinal cord neurons with minimal side effects Zhang et al. 2009 ). In the presence of this blocker, zero out of three successfully filled SL1 neurons showed dye coupling, and resulted in the staining of a single SL1 neuron like that shown in Fig. 2C . This result suggests that the observed dye coupling is due to gap junction coupling. Furthermore, we found that dye coupling was associated only with SL1 neurons, since neither deep layer neurons nor other physiologically distinct neurons of the superficial layer displayed any dye coupling: out of 13 successful fills, only 1 (a neuron of the superficial layer that displayed different physiology and connectivity than the SL1 neurons described here) showed dye coupling. The paucity of dye coupling observed as a result of filling non-SL1 neurons implies that SL1s are most likely dye coupled to other SL1s. Previous studies of the developing optic tectum report inhibitory GABAergic neurons to be localized predominantly in the more superficial somatic layers (Miraucourt et al. 2012) . To determine whether the SL1 neurons are GABAergic, GABA immunohistochemistry was carried out on preparations in which a single SL1 neuron had been filled with biocytin. We observed that SL1 neurons do not express GABA (Fig. 2, D-F) , indicating they are not inhibitory neurons, and, therefore, most likely excitatory, a conclusion confirmed by a set of electrophysiological recordings described later in this report. Images of a tectum (whole mounts) in which a single SL1 neuron was filled with biocytin (A), neurobiotin (B), or biocytin in the presence of the gap junction blocker 18␤-glycyrrhetinic acid (18␤-GA, C). That 18␤-GA prevents dye coupling suggests the presence of gap junctions. The scale bar also applies to A and C. D: a merged image showing dye-coupled neurons (red) and ␥-aminobutyric acid (GABA, green), visualized via immunocytochemistry methods. Notice that none of the dye-coupled neurons appears to be expressing GABA. Unmerged images showing GABA expression alone (E) and biocytin alone (F). R, rostral; C, caudal.
SL1 neurons show evidence of functional electrical coupling via gap junctions.
Another typical method to test whether functional gap junctions underlie the observed dye coupling is to activate one neuron while recording the resulting current in a coupled neuron, with chemical synaptic transmission blocked (Gibson et al. 2005) . If the two neurons are electrically coupled, then injecting current in one will produce a small potential in the coupled neuron being recorded. Because chemical synapses have been blocked, the only way an event could be evoked in the postsynaptic neuron is via gap junctions. Here, patching onto two coupled SL1 neurons was not feasible due to technical limitations. Therefore, a modification of this approach was employed: an SL1 neuron was recorded and voltage clamped at the reversal potential for AMPA-and N-methyl-D-aspartate-mediated synaptic events (5 mV) to eliminate excitatory synaptic events from the signal. In addition, picrotoxin was included in the external recording solution to block GABA-mediated synaptic events. We then activated the population of gap junction-coupled neurons by stimulating the presynaptic RGC axons. Using this recording configuration, we observed a clearly inward RGC-evoked current in five out of six SL1 neurons recorded (Fig. 3, A and D) . Regardless of its absolute amplitude, the resulting current displayed a distinct rise and decay phase (Fig. 3A) . In contrast, only a small, slow, and nondistinct inward current was observed in SL1 neurons in which gap junctions were blocked with 20 M 18␤-GA (Fig.  3, B and D) , or in non-SL1 neurons (Fig. 3, C and D; average evoked amplitude at 5 mV for SL1 neurons: 28.52 Ϯ 8.92 pA, n ϭ 6; SL1 ϩ 18␤-GA: 6.90 Ϯ 1.21 pA, n ϭ 4; DL: 6.68 Ϯ 2.87 pA, n ϭ 6). This suggests that synaptic events occurring in nonclamped neurons could still be observed in the recorded neuron, consistent with these neurons all being functionally electrically coupled to each other.
SL1 and DL neurons differ in their intrinsic properties. The way in which a neuron functions as part of a neural circuit is determined not only by the strength, pattern, and type of synaptic inputs it receives, but also by its voltage-gated intrinsic currents, which are the currents that give rise to action potentials, the output function. Thus, to further characterize these SL1 neurons and how they function as part of the tectal circuitry, voltage-gated Na ϩ and K ϩ currents were quantified. For this, SL1 and DL neurons were recorded in voltage-clamp mode. Starting at a baseline voltage of Ϫ60 mV, neurons were stepped, in 10-mV increments, to increasingly depolarizing voltages, and the resulting voltage-gated inward and outward currents elicited by each step were recorded (Fig. 4A) . In prior studies using this preparation, currents were pharmacologically isolated, and the inward component was determined to be mediated by a voltage-gated Na ϩ current, and the outward component by a voltage-gated K ϩ current (Aizenman et al. 2003; Ciarleglio et al. 2015; Hamodi and Pratt 2014) , and it is likely that Na ϩ and K ϩ also mediate these currents in SL1 neurons, especially since the shape of the current (I)-voltage (V) curves for SL1 and DL neurons are quite similar (Fig. 4B) . In the same set of isolation experiments, it was further established that the peak Na ϩ and K ϩ currents do not temporally overlap with one another, and thus it is therefore possible to measure each component separately from the mixed currents. Figure 4B shows a plot of the average peak Na ϩ and K ϩ currents as a function of voltage step (I-V plots) for DL and SL1 neurons. For most voltage steps tested, the SL1 neurons display greater peak Na ϩ currents and only slightly greater K ϩ currents (Fig. 4B) . The absolute maximum peak Na ϩ currents expressed by a given neuron, regardless of which voltage step this happened on, are shown as a cumulative probability plot in Fig. 4C . Each point represents one (a single) neuron's maximum Na ϩ current. The entire set of SL1 datapoints is shifted to the right of the DL points, and the average maximum Na ϩ current expressed by SL1 is significantly greater than those expressed by DL neurons (Fig. 4C, left; average maximum Na ϩ current expressed by DL neurons: 345.80 Ϯ 24.89 pA, n ϭ 20; for SL1 neurons: 575.30 Ϯ 58.51 pA, n ϭ 21; P ϭ 0.0010). Although the maximum K ϩ currents expressed by the SL1 neurons are shifted slightly to the right of the DL currents, the difference is not statistically significant ( Fig. 4C, right; average maximum K ϩ current expressed by DL neurons: 484.77 Ϯ 36.68 pA, n ϭ 20; for SL1 neurons: 556.9 Ϯ 41, n ϭ 21; P ϭ 0.20).
A positive correlation between the maximum Na ϩ currents expressed by an individual neuron and its ability to fire action potentials has been observed in DL neurons (Hamodi and Pratt 2014; Pratt and Aizenman 2007 ). Thus we would predict that SL1 neurons would display a higher level of intrinsic excitability compared with DL neurons. Intrinsic excitability was quantified by counting the number of action potentials a given neuron fired in response to a sustained (250-ms) current injection, of varying magnitudes (Fig. 4, D and E) . Although we noticed a trend for SL1 neurons to fire more action potentials in response to most current injections, the overall difference between the maximum number of action potentials SL1 and DL neurons fired was not statistically significant (maximum number of action potentials fired by SL1 neurons: 6.74 Ϯ 1.69, n ϭ 19; DL neurons: 3.33 Ϯ 0.92, n ϭ 9; P ϭ 0.412, Mann-Whitney test). This was most likely due to the extreme degree of variability in the number of action potentials fired by different SL1 neurons: a portion of these neurons could fire as many as 20 action potentials, while others only one (Fig. 4E) .
Regardless of the number of action potentials an SL1 neuron fired, however, the spike portion of the action potential was qualitatively different from that of the DL neurons. Spike analysis revealed a significantly lower threshold to fire, a faster rising and higher amplitude spike (Table 1 ). This could reflect a different complement of Na ϩ channel subunits or localization of these channels in relation to the recording pipette.
SL1 neurons gate the recurrent portion of the RGC-evoked response. Gap junctions are known to usually create synchronization of activity between coupled neurons (Connors and Long 2004) but, depending on the strength of the coupling, can also work to desynchronize network activity (Marder 1998) . To identify what may be the function of the gap junctions in the developing optic tectum, we compared RGC-evoked responses in DL neurons in the presence and absence of the gap junction blocker 18␤-GA. We observed that the addition of 20, 30, or 40 M 18␤-GA to the external recording solution significantly and specifically inhibited the polysynaptic (recurrent) portion of the RGC-evoked response. Figure 5A shows averaged maximum RGC-evoked responses of DL neurons in the presence of the different concentrations of 18␤-GA ( Fig. 5C ; average maximum RGC-evoked polysynaptic response of DL neurons, quantified as the amount of charge transferred between 30 and 400 ms poststimulation: 12.82 Ϯ 1.25 pA·s, n ϭ 15; for DL neurons with 20 M 18␤-GA: 4.53 Ϯ 1.06 pA·s, n ϭ 10, P ϭ 0.00044; for 30 M: 4.19 Ϯ 1.41, n ϭ 5, P ϭ 0.0049; for 40 M: 3.79 Ϯ 2.25, n ϭ 7, P ϭ 0.0030). However, 18␤-GA did not appear to alter active or passive electrical properties of these DL neurons (Table 2) , ruling out the possibility that the observed dampening of polysynaptic activity was due to any alterations in cell autonomous electrical properties. Further evidence that this gap junction blocker is not compromising overall tectal neuron function and health is the observation that the amplitude of the monosynaptic response was not compromised by the presence of 18␤-GA ( ϩ and K ϩ currents as a function of voltage step. Notice the average peak Na ϩ currents in response to essentially every step are greater than the corresponding DL current. C: cumulative probability plots of the maximum peak Na ϩ (left) and K ϩ (right) currents displayed by individual SL1 (black dots) and DL (gray dots) neurons. Each dot represents a single neuron. D: plot showing the no. of action potentials fired as a function of the amount of current injected into the soma. Notice that SL1 neurons fire more action potentials in response to every different amount of current injected, but the variability displayed between SL1 neurons is greater than that displayed by DL neurons. E: sample traces showing the maximal no. of action potentials fired by 2 different DL neurons (left) and 2 different SL1 neurons (right). *P Ͻ 0.05, unpaired 2-tailed t-test. 13.55 pA, n ϭ 15; for DL neurons with 20 M 18␤-GA: 110.27 Ϯ 16.60 pA, n ϭ 10, P ϭ 0.26; for 30 M 18␤-GA: 134.062 Ϯ 30.75 pA, n ϭ 5, P ϭ 0.11; for 40 M 18␤-GA: 115.37 Ϯ 32.80 pA, n ϭ 7, P ϭ 0.32). In fact, the presence of 18␤-GA actually appeared to increase the average monosynaptic amplitude and its variability across cells. This suggests the possibility of nonspecific effects on synaptic transmission. However, many active and passive electrical properties, including resting membrane potential, capacitance, input resistance, and peak Na ϩ and K ϩ currents, were not significantly affected by the presence of 18␤-GA (Table 2) .
Interestingly, 18␤-GA also resulted in a decrease in the frequency of sEPSCs displayed by DL neurons (Table 2) . That blocking gap junctions leads to a decrease in the frequency of Values are means Ϯ SE; n, no. of neurons. 18␤-GA, 18␤-glycyrrhetinic acid; sEPSC, spontaneous excitatory postsynaptic currents. The 20-m concentration of 18␤-GA significantly decreased the frequency of sEPSCs of DL neurons (P ϭ 0.025). None of the other properties was significantly altered by 18␤-GA.
spontaneous synaptic events suggests that a portion of the spontaneous network activity is perhaps driven by input from a network of gap junction-coupled SL1 neurons. This, combined with the elevated excitability of SL1 cells, suggests that gap junctions between these neurons could work to increase their probability of firing action potentials and thus drive persistent network activity within the tectum, which is consistent with the concept that depolarizations in gap junctioncoupled neurons can sum (Marder 1998) .
Bath application of 18␤-GA blocks all gap junctions in the tadpole brain, not only those that couple SL1 neurons. To test if the RGC-evoked recurrent activity is shaped specifically by activation of the gap junction-coupled SL1 neurons, we inhibited a portion of these neurons, specifically, by filling one or two of them per preparation with an internal recording solution that included 10 mM BAPTA, a potent calcium chelator that has previously been reported to diffuse through certain types of gap junctions (Blasits et al. 2000; Poskanzer and Yuste 2011) . The presence of intracellular BAPTA would then decrease synaptic output of these filled SL1 cells by blocking action potential-dependent transmitter release (Cho and von Gersdorff 2014; Rosenmund and Stevens 1996) . Next, RGC-evoked responses from deep layer neurons were recorded from these preparations in which at least one SL1 neuron had been filled with BAPTA and compared with RGC-evoked responses from preparations in which only non-SL1 neurons had been filled with BAPTA (see METHODS) . If the RGC-evoked recurrent activity is shaped specifically by SL1 neurons, then we hypothesized that filling one or more of them (SL1s) with BAPTA and thereby dampening their output onto other tectal neurons would decrease the magnitude of the RGC-evoked recurrent activity received by deep layer tectal neurons. In other words, if this hypothesis is correct, then inhibiting the output of these neurons should have a similar, yet likely less pronounced, effect as blocking the junctions pharmacologically with 18␤-GA. The results, shown in Fig. 5 , D-F, indicate that inhibiting one or two gap junction-coupled SL1 neurons with 10 mM BAPTA significantly inhibits only the polysynaptic portion of the RGC-evoked response recorded in DL neurons, very similar to the effect of 18␤-GA described above ( Fig. 5F : average maximum RGC-evoked polysynaptic response of DL neurons from the non-SL1 neurons filled group, quantified as the amount of charge transferred between 30 and 400 ms poststimulation: 24.99 Ϯ 7.89 pA·s, n ϭ 5; for DL neurons from the SL1 neurons filled group 18␤-GA: 4.26 Ϯ 1.54 pA·s, n ϭ 7, P ϭ 0.0051, Mann-Whitney test; Fig. 5E : average maximum RGC-evoked monosynaptic response of DL neurons from the non-SL1 neurons filled group: 76.93 Ϯ 23.64 pA, n ϭ 5; for DL neurons from the SL1 neurons filled group: 96.20 Ϯ 34.74 pA, n ϭ 7, P ϭ 0.68). This effect on the polysynaptic portion of the RGC-evoked response observed here is consistent with a previous finding that including the calcium chelator EGTA-AM in the external recording solution significantly decreased the average amount of charge transfer associated with the polysynaptic portion of the RGC-evoked response (Pratt et al. 2008 ).
DISCUSSION
We have identified an electrophysiologically distinct population of superficial-layer excitatory neurons that receive only strong monosynaptic input from RGCs and that form a gap junctionally coupled network that gates persistent network activity within the tectum (Fig. 6) . These findings resolve a long-standing question regarding the source of recurrent activity within the optic tectum, and suggest a novel role for small networks of coupled excitatory cells in amplifying sensory inputs, by gating recurrent network activity in response to incoming stimuli.
Gap junctions. Although it has been well established that gap junction coupling is present in the developing mammalian spinal cord, retina, and cortex (Kandler and Katz 1995) , the developing Caenorhabditis elegans nervous system (Chuang et al. 2007 ), zebrafish central nervous system (Jabeen and Thuramli 2013; Yao et al. 2014) , and tadpole embryo spinal cord Zhang et al. 2009 ), this is the first report of gap junction coupling in the developing tadpole optic tectum.
In most cases, gap junctions couple neurons electrically. In general, this electrical coupling is thought to generate synchronization of network activity (Connors and Long 2004; Mancilla et al. 2007 ). In the developing zebrafish auditory system, auditory synapses terminate onto postsynaptic Mauthner neurons, which are known to mediate the tail-flip escape response. Gap junctions between the auditory input and postsynaptic Mauthner cell are thought to generate the type of fast synaptic transmission needed for escape behavior (Yao et al. 2014 ). The gap junctions that couple spinal neurons in the tadpole embryo are reported to synchronize motor neuron activity Zhang et al. 2009 ), thereby increasing reliability of action potential firing of the coupled neurons ).
Visual Input
Tectal Output SL1 DL Fig. 6 . A schematic diagram of the tectum suggested by combined data. Visually driven input enters the tectum via RGC axons, which directly synapse onto both SL1 and DL neurons. Next, activation of the SL1 neurons triggers feedforward recurrent activity among deep layer tectal neurons. The recurrent activity may also include local connections between DL neurons; however, it is not known for sure because synaptically coupled tectal neurons have not been observed.
The network of gap junction-coupled neurons described here in the tadpole visual system delivers RGC-evoked excitatory feedforward input to the deep layer tectal neurons, triggering local recurrent (polysynaptic) RGC-evoked network activity. Blocking gap junctions with 18␤-GA, or inhibiting at least a portion of the gap junction-coupled network of SL1 neurons with BAPTA, significantly attenuates the RGC-evoked recurrent network activity, while neither manipulation dampened the monosynaptic portion of the response. The observation that inhibiting the output of some portion of SL1 neurons via filling one or two of these neurons with BAPTA (but not when non-SL1 neurons are filled with BAPTA) noticeably inhibits local RGC-evoked deep layer network activity strongly suggests that it is specifically the SL1 neurons that we characterized here that are responsible for gating, and perhaps sustaining local network activity. Furthermore, the observation that blocking the gap junction coupling between these neurons is as effective as inhibiting their output suggests the intriguing notion that the gap junctions between this population of SL1 neurons are required for them to trigger the RGC-evoked network activity. There are at least two ways to explain this: 1) the gap junctions could increase the probability of the coupled neurons to fire action potentials through summing the RGC input, and/or 2) the gap junctions could work to synchronize the output of coupled SL1 neurons onto deep layer tectal neurons. Either of these scenarios could account for the observed necessity of gap junctions.
RGC-evoked local network activity. Previously, it had been determined that the RGC-evoked polysynaptic network activity originated within the tectum, but the specific source or trigger of this activity was not known. Here, our results suggest that the RGC-evoked recurrent polysynaptic activity is strongly gated by the gap junction-coupled SL1 neurons. This portion of the visual response, during the stages of development studied here (stages 47-48), is relatively robust and long lasting, and can be sculpted by spike timing plasticity rules (Pratt et al. 2008) . Although its exact function in the context of visual processing remains unknown, it may serve to adapt the temporal dynamics of the DL neuron responses to match that of the visual input. It also remains to be determined if the excitatory drive of SL1 neurons onto the DL neurons is the sole source of the recurrent network activity present in the deep layer, or if this recurrent activity is also produced by local synaptic connections between DL neurons themselves. In the model schematic shown in Fig. 6 , we show the recurrent activity being driven or shaped by excitatory input from both the superficial layer SL1 neurons and neighboring DL neurons because, although there is no report of tectal-tectal synaptic connections, intra-DL connections could account for the temporally drawn out nature of the recurrent activity recorded from DL neurons (Fig. 1) .
Local recurrent network activity has been described in many areas of other vertebrate central nervous systems, including the SC Isa 2003, 2005) , where it was found that, similar to what we observe in the optic tectum, the neurons of the stratum griseum intermediale receive strong synchronous excitatory drive from the more superficial layers (Saito and Isa 2005) . Could it be that the synchronous nature of this local excitatory input from the more superficial layers of the SC could be due to the presence of gap junction coupling? In light of our findings here and the fact that the optic tectum and SC display incredible structural and functional homogeneity, this seems possible. Supporting this possibility is an immunocytochemical study that reports dense connexin 43 expression in the SC (Nagy et al. 1992) . To date, however, there is no report of functional gap junction coupling in the SC, although this could be because technical limitations have prevented whole cell recording from the outer superficial layers of this structure (Inayat et al. 2015) .
What the gap junction-coupled network of SL1 neurons may provide to the developing visual system. By as early as 7 days postfertilization, tadpoles display visually guided behaviors that are dependent on a properly functioning optic tectum (Dong et al. 2009 ). This means that the tadpole optic tectum functions in some capacity as it is developing. It is simultaneously processing, and being shaped by, visual stimuli (Ruthazer and Aizenman 2010). The way in which sensory input is processed by the tectum during these early stages of development is not well understood. This is largely due to limited knowledge of the circuitry within it, and, while the development and plasticity of the RGC-evoked response of deep layer tectal neurons has been described in detail, the source and the function of the recurrent portion of the response remained a long-standing question, especially since local connections between pairs of tectal neurons have never been identified.
Taken together, our data suggest that, in the developing optic tectum, by generating RGC-evoked recurrent activity, the junctional coupling between a distinct population of outer-layer neurons works to boost or amplify incoming visual input received by neurons of the deep layers (Fig. 6) . During early stages of retinotectal development, tectal cells receive relatively weak, relatively unreliable, and relatively unrefined RGC input (Dong et al. 2009; Pratt and Aizenman 2007) . Perhaps the robust recurrent activity triggered by the gap junction-coupled SL1 neurons compensates for undeveloped direct RGC input, adding reliability to an immature visual system. Not having the entire visual response dependent on direct RGC input onto deep layer tectal neurons would allow for the circuit to function while essentially "freeing up" the RGC inputs onto the deep layer tectal neurons to refine. Similar to what has been proposed to be the function of spontaneous activity in the developing cortex (Haider et al. 2007) , the extensive and long-lasting nature of the recurrent activity in the tectum could work to maintain the tectal neurons at more depolarized potentials, thus increasing their responsivity to RGC input. Thus, overall, the gap junctions expressed by these uniquely connected SL1 neurons may be one facet of the developing circuit that allows it to simultaneously process, while being shaped by, visual stimuli.
